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a b s t r a c t
High resolution Synchrotron-based X-ray Phase Contrast Tomography (XPCT) allows the simultaneous
detection of three dimensional neuronal and vascular networks without using contrast agents or invasive
casting preparation. We show and discuss the different features observed in reconstructed XPCT volumes
of the ex vivo mouse spinal cord in the lumbo-sacral region, including motor neurons and blood vessels.
We report the application of an intensity-based segmentation method to detect and quantitatively char-
acterize the modification in the vascular networks in terms of reduction in experimental visibility. In par-
ticular, we apply our approach to the case of the experimental autoimmune encephalomyelitis (EAE), i.e.
human multiple sclerosis animal model.
1. Introduction
The role of the vascular network in several neurodegenerative
diseases (e.g. amyotrophic lateral sclerosis, multiple sclerosis, Alz-
heimer’s disease, Parkinson’ disease) is currently under investiga-
tion. It is believed that a vascular damage represents the basis
for a further progression of the disease up to the neuronal network
insult [38,39,21]. In particular, for multiple sclerosis (MS) and its
animal model, experimental autoimmune encephalomyelitis
(EAE), an increased permeability of blood brain barrier or blood
spinal cord barrier is observed, with subsequent infiltration of
leukocytes in the central nervous system [22,20,2,13,10]. Conse-
quent to a protracted local modification of the blood brain/spinal
barrier, neuronal damage occurs, even though the underlying
mechanisms are still to be elucidated [22,12]. In this framework,
a quantification of the vascular insult plays an important role for
the comprehension of the mechanism that drives neuronal damage
in order to help the development of new therapeutic protocols
[35].
To this aim, the extraction of the vascular map from tomo-
graphic images is required but the segmentation is hampered by
the large variation of structural parameters involved when moving
from larger arteries to smaller capillaries and by the low contrast
between vessels and surrounding tissue. These make conventional
(absorption) tomography unable to distinguish vessels. In order to
overcome this limitation, the image contrast in conventional
tomography is usually enhanced by using casting procedures or
staining protocols in order to increase the absorption coefficient
[27,17,32]. These procedures involve invasive preparations that
introduce unwanted modifications in the vascular structures, espe-
cially if microvessels are considered [28]. More- over, in many
pathologies discontinued vessels could be present, causing the
contrast agent to spill out from the damaged vessel walls and lead-
ing to errors in quantification [7,28].
Synchrotron-based X-ray Phase Contrast Tomography (XPCT)
provides an excellent investigation tool for soft tissues where con-
ventional absorption tomography fails [4,30]. In particular, the
mapping of the phase shift of the incident X-ray beam allows the
simultaneous exploration of cellular and vascular distribution in
biological samples without any casting preparation and with
resolution in the 1–10 lm range [11]. Moreover, capability to
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2distinguish vascular network without contrast agents has been
already demonstrated, such as in the case of liver, tumors and cen-
tral nervous system [25,19,33,11]. Even though the visual inspec-
tion of tomography data can be very useful, image segmentation
is a crucial step for obtaining quantitative information. The pur-
pose of any segmentation method is to classify the voxels of a par-
ticular feature in order to further assess significant parameters,
thus providing a better visualization of the region of interest. Sev-
eral approaches exist in order to reach this goal, including intensity
and model-based algorithms [19,18,26,31].
In the present work we discuss a methodological approach to
provide a quantitative measurement of vascular modification of
mouse spinal cord. We previously examine different features
observed in tomographic volume of the ex vivo mouse spinal cord
in the lumbo-sacral region. Then we discuss the application of a
simple intensity-based segmentation method to detect the vascu-
lar network. The proposed analysis is based on the image gray level
histogram by considering the result of different threshold values.
To better assess the spatial arrangement of the different features
in the vascular network, 3D volume renderings of the segmented
tomographic volumes are also presented. Finally, as preliminary
study, we applied this method to a small sample of three healthy
and EAE-affected (24 h from disease onset) mouse spinal cords to
test its capability to detect modifications in the vascular network.
2. Material and methods
2.1. Sample preparation
Experimental animal procedures were carried out at the Animal
Facility of the University of Genova (Genova, Italy), in the respect of
the national current regulations regarding the protection of ani-
mals used for scientific purpose (D.Lgs 27/01/1992, n. 116). All ani-
mals were housed in pathogen-free conditions and treated
according to the Italian and European guidelines (Decreto Legisla-
tivo 4 marzo 2014, n. 26, legislative transposition of Directive
2010/63/EU of the European Parliament and of the Council of 22
September 2010 on the protection of animals used for scientific
purposes), with food and water ad libitum. The research protocol
was approved by the Ethical Committees for Animal Experimenta-
tion of the University of Genoa (No. 319). We studied the spinal
cord of three healthy C57 Black mice and three EAE-affected mice.
Female 6–8 week-old C57Bl/6 J mice (18–20 g) were immunized
for EAE as described by subcutaneous injection at two sites in
the flank with an emulsion of 200 lg myelin oligodendrocyte gly-
coprotein (MOG) peptide 3555 (Espikem) in incomplete Freund
adjuvant (IFA; Difco) containing 300 g Mycobacterium tuberculosis
(strain H37Ra; Difco). Mice were injected in the tail vein with
400 ng pertussis toxin (Sigma–Aldrich) immediately and 48 h after
immunization. The mice were scored daily for clinical manifesta-
tions of EAE on a scale of 0–5 [24]. We studied the spinal cord of
healthy and EAE-affected mice. For the XPCT experiments mice
were perfused transcardially with saline solution containing hep-
arin (50 U/ml). Spinal cords were dissected out, fixed in 4%
paraformaldehyde for 24 h, and maintained in 70% alcohol until
analysis. Before the XPCT experiments mice underwent laminec-
tomy and the spinal cord was taken off, dehydrated using graded
ethanol and immersed in methyl salicylate for 24–48 h. Finally, it
has been embedded in agar.
2.2. Experimental
Phase shift detection has been carried out using free space
propagation setup. X-rays propagates through the sample and
refraction of the X-ray beam from its original path is observed if
sample density locally changes. Generally, if the detector is placed
close enough to the sample, such as in conventional absorption
tomography, these variations are not detected. On the other hand,
when a long enough space between sample and detector is left,
refracted light can prop- agate in the free space and interfere if a
sufficient degree of coherence is provided [9]. Thus, the final
recorded image contains information about different densities in
the sample in the form of interference fringes. In view of the high
photon flux, monochromatic beams and high degree of coherence,
synchrotron radiation can provide all conditions to obtain high
spatial resolution phase contrast images. XPCT measurements
were performed at the ID 17 beamline of European Synchrotron
Radiation Facility (ESRF) in Grenoble (France) [5]. Monochromatic
X-ray beam at the energy of 30 keV was used in combination with
a sample-detector distance of 2.3 meters and a detector pixel size
of 3.5 lm. The tomography data was acquired in half acquisition
mode with 4000 projections covering a total angle range of 360
and an acquisition time of 1 s per projection. Phase retrieval was
performed using a single distance method developed by Paganin
[29]. Image analysis were carried out by means of ImageJ software
and 3D rendering representations were generated using VG Studio
Max 2.0 (Volume Graphics, Heidelberg, Germany).
3. Results
In order to discuss the different features detectable in tomo-
graphic slices, we report in Fig. 1(a–c) the minimum and in
Fig. 1(d–f) the maximum values across all tomographic slices in a
reconstructed transverse and sagittal cross Section (0.5 mm thick
volume) in the lumbo-sacral region of an healthy mouse spinal
cord.
Due to the lower density of vessel lumen compared to the sur-
rounding tissue, the vascular network appears as a dark feature in
the minimum of the tomographic volume. On the other hand, in
the maximum of the tomographic volume we observe structures
compatible with vessel walls and neuronal cells due to the higher
density as compared to the surrounding tissue (Fig. 1d). In partic-
ular, in the transverse section we can distinguish the typical H
shape of the gray matter, the central (sulcal) vasculature, marked
with red arrow in Fig. 1a and the vessels entering radially in the
white matter, indicated by red arrows in Fig. 1b [16,6,36,34]. In
the sagittal view (Fig. 1c), the central vascularization bifurcation
in the ventral spinal cord region is clearly visible
[16,23,6,36,37,34]. In Fig. 1(d and e) it is possible to clearly distin-
guish cells compatible with motor neurons on the ventral horn,
which appear as bright spots (see white arrows) [18,29]. Interest-
ing features are also observed at the gray/white matter interface:
a complex network of fibers radially distributed (see light blue
arrow in Fig. 1e), in agreement with the presence of nervous fibers
in this region [11,16,6,36,37,34].
Because of the high quality of the resulting images, we were
able to perform an intensity-based segmentation analysis of the
vascular network. In Fig. 2a, three selected slices of 3.5łlm thick-
ness are reported with the histogram of the whole volume. More-
over, to evaluate different features included in segmentation, we
report in Fig. 2b the two-dimensional projection of the segmented
voxels at different gray levels marked in the histogram, overlapped
with the minimum and maximum of tomographic volume,
respectively.
In intensity-based segmentation approach, the fundamental
step is represented by determination of a reasonable threshold
value in the gray level histogram of the image. In order to define
a quantitative reference for the thresholding, we empirically
deconvolve the histogram curve of the whole tomographic volume
with three different components around the modal value, associ-
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features in the sample, as described in Fig. 2. The voxels of the vas-
cular network have a darker gray level with respect to the sur-
rounding tissue; as a result, they are located on the left tail of
the image histogram. This is confirmed by the image shown in
Fig. 2b1, which is only based on the voxels characterized by a gray
level lower than the threshold labeled as b1 in Fig. 2b and includes
a large amount of the vascular area. Moreover, the presence of
asymmetric tail on the left part of the histogram is easily observed
in logarithmic plot. An increase of the gray threshold value up to
the position of the center of the first peak (b2 threshold) results
in the inclusion of many more voxels in the positions surrounding
the vessels’ lumens, which cannot be unambiguously assigned to
vascularization (see Fig. 2b2). The second peak can be easily iden-
tified as the one centered onto the modal value of the whole his-
togram, and specifically with the dominant gray value of the
whole image, which represents tissue surrounding the spinal cord
parenchyma. The visualization of the gray levels that comprise the
second peak can be accomplished by considering the appropriate
threshold value, labeled as b3 in Fig. 2b. As displayed in Fig. 2b3,
this range includes a large amount of voxels that are not compat-
ible either with lumens or with vessel walls, and therefore have
to be rejected. A similar analysis can be performed for the right
part of the histogram, where voxels compatible with vessel walls
and cellular bodies are expected. The presence of an asymmetric
tail on the right side of the histogram (clearly visible in the loga-
rithmic plot shown in Fig. 2b) is taken into account by introducing
a small peak on the right of the main one, and by using it as a ref-
erence in the determination of the threshold levels. For the b4
threshold value, voxels belonging to cellular bodies and compatible
with vessels walls are included (Fig. 2b4). The increase of the
threshold to the position of the center of the small peak (see
Fig. 2b5) and beyond (Fig. 2b6), includes unwanted voxels from
the surrounding tissue.
The analysis summarized in Fig. 2 allows us to visually identify
the optimal threshold levels for separately visualizing the vessel
network (threshold b1, see Fig. 2b1) and the surrounding tissues
(threshold b4, see Fig. 2b4). After applying these thresholds, a 3D
rendering of the tomographic volume can be performed in order
to better visualize the vascular distribution. An example according
to two different viewing angles is shown in Fig. 3.
The empty space of central canal is well rendered (see white
arrow in Fig. 3). In addition, anterior spinal vessels are evident
and run along the whole tomographic volume in two different fea-
tures with opposite contrast (white asterisk in Fig. 3). Central ves-
sels, originated from the anterior spinal vessels, penetrate the
median fissure with a slight tilt with respect to the transverse cross
section and branch at the height of central canal (see red arrows)
[16,23,6,36,37,34]. Finally, the green arrow shows a disconnection
in the blood vessel due to a local decrease of contrast.
Fig. 1. (a) and (b) minimum of reconstructed transverse cross Section (0.5 mm thick) combined with details in a region of interest. Red arrows point to the ramifications of
central (sulcal) vasculature. (c) sagittal cross section of the reconstructed volume. Red arrows highlight the bifurcation of central vascularization. (d) and (e) maximum of
reconstructed transverse cross Section (0.5 mm thick) combined with details in a region of interest. Red and white arrows point at higher density features compatible with
vessel wall of central vascularization and motor neurons, respectively. Light blue arrow highlights nervous fibers radially distributed. (f) maximum of sagittal cross section of
reconstructed volume. Red arrows point at same features reported in (d) and (e), compatible with vessel walls. Scale bar is 300 lm. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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detect alterations in vascular network, we compare the healthy
case with EAE-affected mice (24 h from disease onset), see Fig. 4.
We report a 3D rendering of the vascular network in a tomographic
volume (0.5 mm thick) in the healthy and diseased case. In addi-
tion, we show the minimum of reconstructed transverse cross sec-
tion of half of the spinal cord.
From a qualitative point of view, the decrease of vascular fea-
tures is well observed in the 3D rendering. The comparison of
healthy and EAE-affected mouse reveals a decrease in vascular fea-
tures. In addition, the minimum of tomographic volume shows a
decrease in surface occupied by vascularization due to a decreasing
in its visibility, in agreement with the expected role of vascular
insult in the development of the disease [22,20,2,13,10]. In order
to quantify vascular changes the ratio between the volume occu-
pied by voxels assigned to vessels lumen and the total sample vol-
ume has been considered in a preliminary sample of three healthy
and EAE affected mice. In healthy mice, an average percentage ratio
between total and vascular volume of ð1:8� 0:3Þ% was found in
comparison with a ratio of ð0:7� 0:3Þ% in EAE-affected mice as
Fig. 2. (a) three selected tomographic slices at different sample depth; voxel size is 3:5� 3:5� 3:5 lm. From left to right red arrows indicates vascularization in gray matter,
motor neurons and central vessel, respectively. (b) the histogram of whole tomography volume in logarithmic (top panel) and linear scale (bottom panel) are reported with
the two-dimensional projection of segmented voxels overlapped with the minimum and maximum of tomographic volume at different gray levels marked in the histograms,
from b1 to b6. Scale bar is 300 lm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
Fig. 3. (a) and (b) 3D rendering, at different viewing angles, of main vascularization
(0.5 mm thick volume) including anterior spinal vessels (white asterisk) and central
vessels penetrating the spinal cord and branching (red arrows) at the height of
central canal (white arrows). The green arrow shows a disconnection in the blood
vessel due to a segmentation artifact. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)
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this simple segmentation procedure to detect modifications in vas-
cular network.
4. Discussion
Synchrotron-based XPCT is capable to simultaneously image
the vascular and neuronal network in mouse spinal cord, providing
possibility to study the complex interplay between them [11]. In
particular, as reported in Fig. 1, we are able to image motor neuron
soma located in the ventral horn together with vessels lumen.
Moreover, we are able to detect both the vascularization in the
gray matter, originated from anterior spinal vessels, and the radial
vascularization, entering radially in the white matter
[16,6,36,37,34].
Thanks to the analysis of the image histogram, reported in
Fig. 2, intensity-based segmentation has been used in this study
to extract voxels assigned to vessels. In particular, the image his-
togram is characterized by a mono-modal distribution with
slightly asymmetric tails on both sides of the modal value. It is easy
to recognize that the main peak, shown in Fig. 2b, is assigned to all
the tissue surrounding spinal cord parenchyma and it has not to be
included in the segmented volume. On the other hand, voxels com-
patible with vessel lumen or walls and motor neurons have to be
included and are located on gray levels identified by two small
peaks at both sides of the main one, respectively. The result of
the threshold application to the whole tomographic volume is
shown in Fig. 3. Segmentation is able to reproduce the central vas-
cularization with a good degree of accuracy. In particular, two cen-
tral vessels can be easily seen, which are compatible with the
anterior spinal artery and vein [16,6,36,37,34]. Unfortunately, the
usage of a simple intensity approach presents several drawbacks.
Since no assumption on the continuity of the detected structure
is considered, voxels with a local contrast decrease will not be
included even though they represent part of the vessel. This is
clearly observed in Fig. 3 (see green arrow), where a local decrease
of the intensity splits a single vessel in two different branches
introducing a false branch. In order to overcome this limitation
undecided voxels can be attached to segmented ones using differ-
ent approaches [3,14]. Despite some limitations, intensity-based
segmentation provides a good starting point to obtain fast and
quantitative results. We tested the segmentation procedure on a
small sample of three healthy and EAE-affected mice respectively.
A comparison is reported in Fig. 4 showing the minimum and 3D
rendering of the tomographic volume. In particular, to provide a
statistical estimator for alterations in vascular network we consid-
ered the ratio between the number of voxels assigned to vascular
network and the total number of the voxels of the tomographic
spinal cord volume. This approach provides a reasonable quantifi-
cation of vascular modifications if a decrease of the experimental
visibility of the vessels is present (e.g vessel lumen occlusions)
such as qualitatively observed in our case. However, it can fail
when only a rearrangement of vascular network is present
maintaining the total vascular volume constant. In order to test
our approach we compared a small sample of healthy and
Fig. 4. Comparison between the healthy and diseased lumbar segmented tomographic volume. 3D rendering and minimum of the volume on left and right, respectively.
Voxel size is 3:5 3:5 3:5 lm3. A reduction in visibility of vessels lumen can be observed. Scale bar is 300 lm for all images. Histogram with average percentage volume
with absolute error is also reported considering a preliminary set of three mice for each class.
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volume occupied by vascularization due to a diminished visibility
of vessels with XPCT. Despite XPCT is not capable to provide infor-
mation about pathological conditions of EAE at microscopic level,
we observe that the reduction of visibility of the vascular network
is compatible with modifications of blood vessels as a consequence
of inflammatory response to infiltration of immune cells, already
observed in human multiple sclerosis and animal model [8,1,15].
5. Conclusions
In this work we used synchrotron-based XPCT to investigate the
vascularization of ex vivo mouse spinal cord at the lumbo-sacral
region. XPCT provides a simultaneous view of the vascular and
neuronal networks without the adoption of casting procedures or
contrast agents. We discussed the use of the intensity-based seg-
mentation approach to extract voxels assigned to vessels for pro-
viding a quantification of the alterations in the vascular network.
This approach presents several limitations and drawbacks, espe-
cially if an assessment of the vessels’diameter is further required.
Despite the limitations, it provides a good representation of vascu-
lar network of the spinal cord as shown by 3D rendering. Finally,
we tested the capacity of this segmentation method to detect alter-
ations in the central nervous system vascular network between
healthy and EAE-affected mice. We observed a substantial decrease
in the vascular volume, in agreement with the presence of vascular
alteration in the early phase of the disease. From a pathological
point of view we observed a decrease tendency in the vasculariza-
tion volume, in agreement with the presence of vascular alteration
in the early phase of the EAE disease. The decrease in the vascular-
ization appears as a weaker detectable contrast in the recorded
image of the vessels. The obtained results pave the way for a sys-
tematic investigation of the vascular alterations in neurodegenera-
tive disease. In particular the comparison between different
neurological scores may be monitored and new advanced therapies
based on stamina cells can be tested.
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